Methods 5

. Polyelectrolytes characterization 6
The intrinsic viscosity (IV) of the isolated and redissolved copolymers was determined 7 in 0.05 M NaCl aqueous solution at 20 ± 0.1°C by dilution viscometry, using an 8 automatic capillary viscometer Viscologic TI1 (Sematech, France), capillary 0.58 mm. 9
The extrapolation to zero concentration was performed according to, Schulz-Blaschke 10 as described elsewhere (Bourdillon et al., 2006) . The composition of the copolymers 11 was verified by potentiometric titration and FTIR spectroscopy (Chimankpam et al., 12 2011 ). Molar mass analyses were performed by sedimentation velocity experiments in 13 an analytical ultracentrifuge OPTIMA XL-I (Beckman Coulter, Palo Alto, USA) as 14 described previously (Bourdillon et al., 2006) . 15 M a n u s c r i p t an average of at least four replications (maximum deviation 5%). 12
Two regions corresponding to different kinetics can be identified in the flocculation 13 curve: a first one dominated by particle aggregation (kinetic constant k 1 ); and a second 14 one dominated by floc stabilization due to the balance between aggregation and 15 breakage (kinetic constant k 2 ). This is schematically shown in Figure 1 . The shape of 16 the flocculation curve depends on the predominant flocculation mechanism. If bridging 17 is the principal mechanism, flocs suffer restructuring after the initial aggregation step, as 18 the polyelectrolyte molecules possess a higher degree of freedom to reconform on the 19 particle surface. On the contrary, when bare patch attraction is the main mechanism 20 reconformation of the polymer molecules becomes difficult and restructuring is not 21 observed on the flocculation curve, as schematically shown in Figure 1 .
A c c e p t e d M a n u s c r i p t 9 A mathematical model was fitted to the curves enabling the computation of the kinetic 1 constants for both regions (Rasteiro et al., 2008 M a n u s c r i p t using the same conditions as during the flocculation tests, 1400 rpm, at room 1 temperature (22 ºC). The contact time was controlled to be between 16 to 60 min. The 2 dosage of C-PAM was varied in order to guarantee that complete surface coverage was 3 reached. The concentration of the C-PAM in the supernatant solutions was analyzed by 4 UV/vis spectroscopy at 300 nm (Deng et al., 2006) . A calibration curve was produced 5 for each polyelectrolyte using five solutions of different known concentrations. 6
The amount of C-PAM (Q e ) adsorbed onto the precipitated calcium carbonate (mg C-7 PAM/g PCC), was calculated from the initial and final C-PAM concentrations ( 
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The composition analysis confirmed the intended differences of the E and F samples 3 within acceptable ranges. This allows for studying the influence of the charge density 4 for polyelectrolytes of similar molecular size and architecture. 5
Evaluating the impact of the molar mass and the chain architecture on adsorption and 6 flocculation, the following facts have to be considered in general and for the copolymers 7 used here: for the same molar mass and chemical composition (cationic content), the 8 intrinsic viscosity, as a measure of the hydrodynamic dimensions, decreases with 9 increasing degree of branching (Burchard, 1999) . This is confirmed by the values in 10 Table 2 for the series E1, E2 and F1. While the influence of the chain architecture on 11 the IV-molar mass relationship is relatively well understood for neutral polymers, this is 12 not the case for charged macromolecules. It is however known that the ionic strength 13 has a stronger influence on the hydrodynamic dimensions of linear PEL than on 14 branched ones. Further, polylectrolytes of lower charge density are less extended in the 15 same medium than those with higher charged density but having the same molar mass. 16 This is confirmed comparing F1 with E1 and E2. Despite the even higher molar mass ofM a n u s c r i p t 12 F1, the intrinsic viscosity is lower. Overall, the intrinsic viscosity can be considered as a 1 more appropriate correlation parameter for the comparison of PEL of different molar 2 mass, composition and chain architecture, in terms of their adsorption behavior and 3 flocculation performance. The molar mass values in Table 2 are therefore intended to 4 provide an order of magnitude only. As observed previously (Bourdillon et al., 2006) 5 highly branched samples of this copolymer type can contain a very fast sedimenting 6 fraction, which is in 0.05 M NaCl at its solubility limit. The molar mass could therefore 7 not be determined for the highly branched polyelectrolytes as for the other samples, and 8 is thus not meaningful for comparison. IV values, to which all molecules contribute, are 9 more suitable. 10
Nevertheless, based on the sample characteristics in Table 2 , the influence of the 11 macromolecule size, charge and architecture can be estimated while comparing E1 and 12 E2 as well as E1++++ and E2++++ concerning the influence of the IV/molar mass; 13 comparing linear and branched samples of the E1, E2 and F1 series concerning the 14 influence of the architecture; and comparing the linear and the respective branched E 15 and F samples concerning the charge density. 
6
In all experiments summarized in Figure 3 , a contact time above which no more 7 polyelectrolyte could be adsorbed on the particles can be identified. This time depends 8 on the polyelectrolyte characteristics. 9
Additionally, in Figure 4 , the C-PAM adsorption kinetic curves, for a common 10 concentration of 10 mg of C-PAM/g PCC and for the different polyelectrolytes studied, 11 are presented. All the results illustrate that the C-PAM amount adsorbed increases gradually until 4 reaching the equilibrium. 5
Analysing Figures 3 and 4 , it is obvious that the molecular size of the polyelectrolyte is 6 an important parameter influencing the adsorption kinetics. Adsorption was faster with 7 the E1 series (Figure 3 (a) and (b) and Figure 4 ), this meaning that equilibrium was 8 reached, in this case, for a lower contact time. That is, the time to achieve saturation of 9 particle surface was lower. Moreover, for a similar architecture, the amount of 10 polyelectrolyte adsorbed is higher for the E1 series (see Figure 4 and compare Figure 3  11 (a) and (b) with Figure 3 (c) and (d) ). This is due to the differences of the adsorbed 12 polyelectrolyte conformation on the particle surface. Lower molar mass polyelectrolytes 13 adsorb with a flatter conformation and, thus, each molecule occupies a larger region of 14 the particle surface for equal charge density. This is indicative of a change on the 15 adsorption and flocculation mechanism, from bridging to bare patch, when the molarA c c e p t e d M a n u s c r i p t mass decreases (Gregory, 1988, Bajpai and Bajpai, 1995 and Gregory and Barany, 1 2011). Of course, once the polyelectrolyte starts adsorbing in patches, lowering the 2 molar mass still further can eventually lead to the need for larger amounts of 3 polyelectrolyte for full surface coverage. 4
The comparison between E1 and E1++++ shows that E1++++ reaches the equilibrium 5 faster (see Figure 4 and Figure 3 (a) and (b) ). The same happens if we compare the 6 adsorption curves for E2 and E2++++ (Figure 4 and Figure 3 (c) and (d) ). In this latter 7 case the effect of branching on the time required to reach equilibrium is even more 8 notorious, because the introduction of branches in the polyelectrolyte molecule must 9 have led to a change in the flocculation mechanism from patching (when using the 10 linear polymer E2) to bridging (when using the branched E2++++), as will be discussed 11 below in section 3.4. 12
The effect of the polyelectrolyte charge density on the adsorption kinetics can be 13 evaluated by analysing Figure 4 and comparing Figure 3 with similar architecture to the E1 series but with a lower charge density, it is observed 2 again that the branched polyelectrolyte reaches the equilibrium slightly faster. 3
The amount of polyelectrolyte adsorbed at equilibrium is slightly higher for F1 than for 4 E1, which must be related with the more extended conformation of the less charged 5 polyelectrolyte. 6
Langmuir isotherm fit 7
The Langmuir theory can be used if the sorption takes place at specific homogenous 8 sites in the adsorbent. This theory is valid for monolayer adsorption, when the adsorbent 9 is homogenous (binding sites homogeneously distributed on the particles surface) and 10 surface and bulk phases exhibit an ideal behaviour. The Langmuir adsorption isotherm 11 is described by the following equation (Langmuir, 1918 was calculated for the low and high equilibrium concentrations measured. The 9 information obtained from the Langmuir isotherms is summarized in Table 3 . In this 10 table, information is supplied only for the contact time, which enabled, for each 11 polyelectrolyte, reaching the equilibrium (no more adsorption occurred).M a n u s c r i p t 21 Comparing the values of K obtained at the equilibrium time, the polyelectrolytes with 3 stronger affinity to the precipitated calcium carbonate particles are E1++++> F1> E1> 4 E2++++, while E2 and F1++++ show the lowest K values. When the affinity is stronger, 5 a lower maximum amount of polyelectrolyte is required for surface coverage (see Table  6 3). Also, for the polyelectrolytes with higher affinity coefficient, the equilibrium was 7 always reached for a lower contact time. In general, higher molar mass and a higher 8 degree of branching led to a higher value of the affinity parameter. Contrary to what 9 was to be expected, F1 shows a very high affinity to the particles, when compared, forA c c e p t e d M a n u s c r i p t 22 instance, with E1 (higher charge density) and F1++++, probably due to its higher molar 1 mass (see Table 2 ). 2 The value of R L varied between (0.0136-0.9193) indicating that the adsorption process 3 was always favourable. For the higher concentrations R L approached zero, indicating 4 that adsorption had become irreversible, as expected for higher concentrations. Diffraction Spectroscopy (E1, E1++++, E2 and E2++++). The different trend in the 8 kinetic curves becomes obvious when comparing the results for E1 and E1++++ (higher 9 molar mass) with the result for E2, or still the results for E2 and E2++++. For the first 10 two polymers the floc size reaches a maximum and then decreases till it stabilizes, due 11 to aggregates restructuring and polyelectrolyte reconformation on the particle surfaces. 12 This is typical of the bridging mechanism. For E2, no aggregate restructuring could be 13
found. This is indicative of a change in the flocculation mechanism when the 14 polyelectrolyte molar mass decreases, for the same charge density of the polymer 15 (medium charge density). For E1 and E1++++, bridging is the predominant flocculation 16 mechanism, while for E2 bare patch flocculation must be the main mechanism (Rasteiro 17 et al., 2008 and Rasteiro et al., 2011) . When branches are introduced in the 18 polyelectrolyte chain, bridging assumes again importance. This change of mechanism is 19 also obvious when we analyse the differences in the structure of the flocs resulting from 20 the use of the different polyelectrolytes, as will be discussed below (see Table 4 ). InM a n u s c r i p t Figure 6 , the fit of Equations (1) and (2) to the experimental kinetic curves is also 1 presented (solid and dashed lines, respectively). This fit was always good. Table 4 is for the optimum 6 flocculant concentration, defined as the one leading to larger flocs and fastest kinetics 7 (Rasteiro et al., 2008) . The optimum flocculant concentration is also indicated in that 8   table.  9 The adsorption results for the E1 series show that adsorption is slower for the case of E1 10 (lower Q e value and higher contact time to reach the equilibrium) than for E1++++. A c c e p t e d M a n u s c r i p t 25 Comparing E1 and E2 to evaluate the influence of molar mass on the flocculation 4 mechanism, both the adsorption rate and flocculation rate (as determined by the kinetic 5 constant k 1 in Table 4 M a n u s c r i p t
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The amount of polyelectrolyte adsorbed at equilibrium is higher for the E1 series than 1 for the E2 series. This confirms again the influence of the molar mass on the 2 flocculation mechanism when changing from a very high molar mass polyelectrolyte to 3 a medium molar mass, for the same charge density. Higher molar mass polyelectrolytes 4 act according to the bridging mechanism, and, despite the larger dimension of the 5 molecule, coverage achieved by each molecule can be lower and, thus, higher 6 polyelectrolyte amounts are required to reach the equilibrium, in opposition with what 7 happens for medium molar mass polyelectrolytes, which act according to the patching 8 mechanism. 9
Conclusions
10
Cationic polyelectrolytes (C-PAM), varying in molar mass, charge density and chain 11 architecture were tested in terms of adsorption on precipitated calcium carbonate and 12 the performance in flocculation. The tests further included the influence of the 13 polyelectrolyte characteristics on the flocs size and structure. 14 Overall it can be concluded that a low adsorption rate leads to lower flocculation rate 15 and, usually, to more compact flocs. Typically, a lower adsorption rate is identified with 16 the patching mechanism, while faster adsorption corresponds to the bridging 17
mechanism. 18
The adsorption results show that for polyelectrolytes of similar molar mass, highly 19 branched polyelectrolytes reach the equilibrium faster than linear polyelectrolytes. 20
Similarly, the flocculation rate is faster for the branched polyelectrolytes. This tendencyM a n u s c r i p t 27 was observed consistently for series of polyelectrolytes of various molar mass and 1 charge density. Regarding the effect of molar mass, lower molar mass leads to lower 2 adsorption rates and, simultaneously, slower flocculation. 3 The Langmuir isotherm model described well the experimental adsorption isotherms. 4
From the fit of this model, the amount of adsorbed polymer required for monolayer 5 coverage could be extracted. When this value increases, the flocs obtained are usually 6 more compact and smaller. Moreover, this can also be correlated with the affinity of the 7 polyelectrolyte to the precipitated calcium carbonate particles. Polyelectrolytes with 8 stronger affinity to the particles require a smaller amount for monolayer coverage and 9 lead to faster adsorption and higher flocculation rates, the flocs being more open. 10 M a n u s c r i p t 
